ABSTRACT: The effect of the bacterivorous nematode Diplolaimella dievengatensis on the diffusion of oxygen into sediment and the CO, production of Spartina anglica detritus was examined in a laboratory experiment. Diffusion coefficients were calculated from measurements of both 0, consumption, using gas chromatography, and O2 micro-gradients, using micro-electrodes. After a transient state of about 10 d the diffusion and consumption of oxygen stabihzed and approach.ed steady state. In treatments with nematodes O2 consumption and CO2 production were 74 % higher than in controls. In treatments with nematodes the apparent d~ffusion coefficient of oxygen was 40 to 70 % higher than the molecular diffusion coefficient due to nematode activity. Since the increases of CO, production and of the diffusion of oxygen in the presence of nematodes were of the same magnitude, we conclude that the enhanced turnover time of Spartina detritus was largely dependent on the bioturbation activity of the nematodes.
INTRODUCTION
Bacterivorous nematodes of the family Monhysteridae accelerate decomposition processes in marine sediments. Diplolaimella chitwoodi increased the detrital carbon mineralization of Gracilaria and Spartina detritus (Findlay & Tenore 1982) . In the presence of Monhystera disjuncta increased weight losses of seaweed detritus were found by Rieper-Kirchner (1989) . In a previous study we found an increased mineralization of organic carbon and increased weight losses of Spartina anglica leaves in the presence of Diplolairnelloides bruciei (Alkemade et al. 1992) .
The mechanism by whlch nematodes accelerate decomposition processes is still unknown. Three possible Present addresses.
'National Institute for Public Health and Environmental Protection, Laboratory LBG, PO Box 1, 3720 BA B~lthoven, The Netherlands "North Sea Directorate, PO Box 5807, 2280 HV Rijswilk, The Netherlands mechanisms have been suggested. Firstly, removal of senescent bacterial cells by grazers might stimulate bacterial growth by keeping the bacterial population active (Abrams & Mitchell 1980) . Secondly, Riemann & Schrage (1978) suggested that mucus produced by nematodes provides a rich food source for bacteria resulting in increased bacterial growth. Bioturbation has been suggested as a third mechanism by which nematodes stimulate bacterial activity (Abrams & Mitchell 1980 , Herrnan & Vranken 1988 . Bioturbation is the process resulting from the mixing activities of benthic organisms (Berner 1980) . The mixing activities enhance the diffusion of oxygen (Hofman et al. 1991) and would thereby stimulate aerobic bacterial activity. In this study we investigated the effects of the bacterivorous nematode Diplolairnella dievengatensis on the diffusion of O2 and the mineralization of organic carbon in an artificial sediment enriched with Spartina anglica detritus. D. dievengatensis is frequently found in sediments of salt marshes with S. anglica vegetation in the southwestern part of the Netherlands. Bioturbation was estimated from the diffusion coefficient of oxygen. An enhanced diffusion coefficient relative to molecular diffusion is a measure for bioturbation (Berner 1980) . The diffusion coefficient was determined by combined measurements of O2 consumption rates and O2 micro-gradients. Mineralization of organic carbon (measured as CO2 production) was determined simultaneously.
MATERIAL AND METHODS
Nematode culture. Specimens of Diplolaimella dievengatensis were extracted from the sediment as described by Vranken et al. (1981) . Culture dishes containing bacto-agar, Vlasblom-medium and Na2Si03.9H20 were inoculated with 10 to 20 adult specimens of D. dievengatensis and a droplet of filtered (1.2 pm) seawater. Before inoculating the nematodes onto the culture dishes an extra transfer step was performed in order to avoid contamination by ciliates and other protozoa (Alkemade et al. 1992) .
Experimental design. Green Spartina anglica leaves were collected on the Stroodorpepolder salt marsh in the Oosterschelde, a tidal inlet of the southern North Sea. Leaves were dried at 50 'C for 24 h, ground and sieved. Sand was cleaned with HC1 and H 2 0 2 in order to remove organic matter, and subsequently sieved. Leaf particles and sand grains which passed a 90 pm mesh sieve and that were retained on a 45 pm mesh sieve were used in the experiment. The leaf particles were mixed with sand and 8 petri dishes (0 3.5 cm) were filled with a 6 mm thick layer of this mixture. The initial organic carbon content of the mixture was 0.36 %, a value found in many natural sediments. Autoclaved seatvater from the Oosterschelde (salinity 26 %o) was added. A very thin water film was present on the sediment, indicating water-saturated conditions.
The dishes were inoculated with a natural bacterial inoculum, obtained by rinsing decaying Spartina anglica leaves in autoclaved seawater and subsequently filtering the water over a 1.2 pm micropore filter. Each dish received 100 p1 of the inoculum. Fina.lly, 50 to 100 nematodes were added to 4 dishes; the others served as control treatments. The dishes were placed in the dark in an incubator at 20 "C in water-saturated air After 22 d , at the end of the experiment, nematodes were fixed in warm formalin, extracted from the sediment and counted under a dissecting microscope. The nematode biomass was estimated by the volumetric method of Andrassy (Feller & Warwick 1988) .
CO2 production and 0, consumption measurements. CO2 production and O2 consumption were measured regularly during the course of the experiment using gas chromatography (Mitchell 1973 , Abrams & Mitchell 1980 ). The petri dishes were incubated at 20 "C, in the dark, in an air-tight chamber (20 ml) for l to 4 h (dependent on the CO2 production in the dish). CO2 and O2 concentrations in the incubation chambers were measured before and after incubation by injecting air samples on a Packard 427 gas chromatograph (details in Alkemade et al. 1992) . The CO2 and O2 flux are expressed as the CO, production and O2 consumption per m* per hour. Cumulative CO2 production and O2 consumption were calculated from CO2 and O2 fluxes measured on subsequent sampling days by linear interpolation and subsequent integration.
Oxygen micro-profiles were measured with oxygen micro-electrodes as described by Revsbech & Jsrgensen (1983) and d e Jong et al. (unpubl.) . The oxygen micro-profile is graphically represented by plotting the oxygen concentration, measured at one sampling time, against depth. The oxygen micro-gradient is referred to as the slope of the micro-profile calculated by linear regression. The micro-electrodes were constructed at our institute. The theory of using micro-electrodes in mineralization processes is described in Hofman et al. (1991) .
Calculation of the apparent sediment diffusion coefficient. The oxygen flux into the sediment can be described by Fick's first law of diffusion (Berner 1980): where J,, = flux of oxygen (mmol O2 m-2 h-'); 4 = mean porosity for o x~c sediment layer, defined as the volume of water relative to the volume of total sediment; D, = apparent diffusion coefficient (m2 h-') and d021dx = oxygen micro-gradient over depth interval X (mmol O2 m-4).
The apparent diffusion coefficient is calculated by rewriting Eq. 1 in the form:
The flux of oxygen (JO2) was calculated from the rate of change of oxygen concentration measured in incubation chambers by gas chromatography. Exact values of D, could not be calculated, because the micro-gradient depends on the depth interval from which it is derived. This depth dependence may be due to porosity changes with depth (e.g. Archer et al. 1989 , Booij et al. 1991 . In order to determine a range for the diffusion coefficient, we estimated the oxygen micro-gradient using 4 different depths intervals. The series of oxygen microgradients calculated per profile together with the corresponding independent estimates of the oxygen fluxes were used for calculation of the apparent diffusion coefficients. Estimates, obtained by linear interpolation, of the oxygen fluxes were used, because fluxes and micro-profiles could not be measured at the same time. In the absence of bioturbation the apparent diffusion coefficient equals the bulk sediment diffusion coefficient (D,); in the presence of bioturbation the apparent diffusion coefficient is higher.
The bulk sediment diffusion coefficient is calculated by correcting the free solution diffusion coefficient (Do) for mean porosity of the sediment (Broecker & Peng 1974 , Hofman et al. 1991 ). Since we found a mean porosity of about 0.50 the bulk sediment diffusion coefficient is calculated from: D, = Do+, according to Ullman & Aller (1982) .
Statistical analysis. Measurements of 0, consumption, CO2 production and O2 micro-gradients were initially carried out daily in order to detect the beginning of a stabilized situation. In a stabilized situation no major changes occur between succesive sampling days. The diffusion and the consumption of oxygen then approach a steady state. Time lapses between sampling days were longer in the steady state period. Multivanate analysis of variance with a repeated measures design was used to evaluate the differences found between treatments with and without nematodes during the steady state period. SYSTAT (Wilkinson 1990) was used for statistical calculations.
RESULTS

CO, production and O2 consumption
At the beginning of the experiment the O2 consumption, CO, production and O2 micro-gradients changed rapidly from day to day (Figs. 1 & 3) . During this 'transient state' the CO2 production per hour was high and decreased gradually to a more or less stable level after about 5 d. No major changes of gas fluxes occurred after the first 5 d, but the micro-gradients and the maximal penetration depth of oxygen remained vanable until after about 10 d (see below). The period from 10 d onwards to the end of the experiment is considered to represent a steady state.
O2 consumption per hour was a n almost identical reflection of the CO2 production pattern (Fig. 1) . The respiratory quotient (= -dCOz/d02) ranged from 0.77 to 0.84 (0.80 on average), which indicates that carbon was accumulated in bacterial and nematode biomass during the course of the experiment. In the presence of nematodes more CO2 was produced and more 0, was consumed per hour during the steady state. This resulted in a 26 % higher cumulative CO, production in treatments with nematodes at the end of the experiment (Fig. 2) . The cumulative CO2 production was significantly higher (p < 0.05, Oxygen micro-profiles
The micro-profiles in sediments measured on Day 3, in the transient state period of the experiment, and on Day 11, in the steady state period, are shown in Fig. 3 . Profiles with (Fig. 3A) and without nematodes (Fig. 3B ) are shown. During the transient state, the oxygen micro-profiles in the sediment were steep and changed from day to day, corresponding with high 02-fluxes at the beginning of the experiment (see Fig. 1 ). After 10 d micro-profiles were, in general, less steep and no major changes occurred, corresponding with the stabilization of the 0, fluxes. During the course of the experiment the oxygen was only present in the upper few millimeters. In this upper layer the bacteria apparently were active and consumed all oxygen diffusing into the sediment. In deeper layers no oxygen was present and therefore no aerobic mineralization took place. At the sediment surface the O2 concentration was about 300 y M in all profiles, corresponding with O2 saturation. The oxygen concentration appeared to decrease non-linearly with depth. In the upper 0.2 mm the O2 concentration declined very quickly in all profiles, followed by a gradually lesser steep decline. From Day 10 onwards no major changes of microprofiles were observed, indicating the establishment of steady state. The oxygen diffusion and the oxygen consumption apparently were in balance. At comparable depths, the O2 concentrations were higher in sediments without nematodes than in sediments with nematodes. Oxygen penetration stabilized at lower depths in the absence of nematodes (~~0 . 0 5 , Table 1 ) and disappeared, on average, below 1.6 mm in sediments with nematodes, and below 2 mm in sediments without nematodes (Fig. 4) .
Apparent diffusion coefficients
The apparent diffusion coefficients were calculated for the steady state situation only. For each micro-profile, micro-gradients were calculated over 4 depth intervals: 0-0.15 mm, 0-0.4 mm, 0.05-1.0 mm and from 0.05 downwards to the maximum depth of the oxic zone. Table 2 shows the apparent diffusion coefficients calculated for different depth intervals. The apparent diffusion coefficient depended largely on the depth interval from which it was derived. For each depth interval, however, the values of the diffusion coefficient in treatments with nematodes was higher than in treatments without nematodes. The apparent diffusion coefficients in the control treatments calculated from the depth intervals from 0.05 mm to 1.0 mm and from 0.05 mm to maximal depth were close to the bulk sediment diffusion coefficient, which was obtained by multiplying the porosity (6 = 0 5 ) by the free solution diffusion coefficient (Do = 7.4 X 10-6 m 2 h-' at 20 "C; Broecker & Peng 1974) and are therefore considered to be the best estimates. Analysis of varlance was carried out on the apparent diffusion coefficients calculated for the 0.05 to 1.0 mm depth interval. The diffusion coeffic~ents In treatments with nematodes were significantly higher than in control treatments ( p < 0.05, Table 1 ).
Nematodes
The number of nematodes increased from between 50 and l00 individuals per dish at the beginning of the experiment to a mean number of 101 0 (SD = 196) at the end of the experiment. These 1010 specimens of Diplolaimella dievengatensis represent an estimated biomass of 0.16 mg wet weight. 
DISCUSSION
During the transient state the CO, production and O2 consumption rapidly increased and, after a few days, slowly decreased. This pattern was observed by several authors after incubating micro-organisms in a microcosm (Abrams & Mitchell 1980 , Anderson et al. 1981 , Findlay & Tenore 1982 . In the beginning of the Arrow indicates the beginning of the steady state period experiment, the high bacterial activity is probably a result of the large quantity of dissolved organic matter (DOM) released from the detritus after wetting the sediment. The DOM forms an immediately available, rich food source for the bacteria and consequently bacterial activity rapidly increases, resulting in high CO2 production and 0, consumption. During the transient state the oxygen micro-gradients were very steep and oxygen was depleted to within a few tenths of a rnillimeter from the sediment surface. The initial quantity of easy assimilable substrate presumably was exhausted rapidly and, as a result, bacterial activity declined and stabilized at a much lower level. After about 10 d a steady state was established. During the steady state pronounced differences between the treatments with nematodes and without nematodes were observed. In the presence of DiploJaimella dievengatensis 74 % more CO2 was produced per hour and 74 % more O2 was consumed per hour, resulting in a 26 % higher mineralization of organic carbon over the total period of the experiment. The diffusion coefficient of oxygen was 40 to 70 % higher in the presence of nematodes ( Table 2) , but the maximum penetration depth was lower (Fig. 4 ) .
The O2 consumption and CO2 production presumably depended almost completely on the bacterial activity, since the total respiration of the nematodes was only limited. The weight specific respiration of nematodes is 0.029 nmol O2 h-' pg-l wet wt (Heip et al. 1985) . The total wet weight of the nematodes at the end of the experiment was 0.16 mg per dish, on average. So, the estimated respiration of the nematodes in the dishes was 4.6 l m o l O2 h-' mS2, which represents only 2 % of the total respiration on the last sampling day. The increased O2 consumption in the presence of nematodes therefore must be the result of the influence of the nematodes on the bacterial population. Effects of nematodes were only detectable during the steady state period. Although the nematode population must have grown during the steady state, they appal.enily did rloL ailect the steady state as such.
Under the conditions of the experiment, the nematodes only changed the level at which the steady state established. Increased apparent diffusion coefficients are a result of bioturbation (Berner 1980) . The mixing activity of the nematodes thus must have been responsible for the increased diffusion coefficients. To date, only qualitative studies on bioturbation by nematodes have been published (Cullen 1973 , Nehring et al. 1990 ). Our results provide for the first time quantitative data on bioturbation by nematodes. Apart from mixing of the sediment caused by movements of the nematodes, structures built by nematodes may also enhance diffusion. Some nematode species form a closely spaced network of thread-like intergranular burrows within the surface layer of the sediment (Cullen 1973) . The nematode PtycholaimelIus sp. builds membranous tubes from detritus wlth the aid of mucus (Nehring et al. 1990 ). Undoubtedly, small-scale burrow systems will promote the diffusion of oxygen but the quantitative contribution to oxygen diffusion is unclear. The mechanism by which Diplolaimella dievengatensis increased bioturbation in our study remains to be investigated.
In natural sediments, comparable to the sediment we used, the apparent diffusion coefficients were 1.4 to 18.8 times higher than the bulk sediment diffusion coefficient (Hofman et al. 1991) . The lower values were found in sediments with a low density of macrofauna, unknown densities of meiofauna, and low contents of organic matter. We found that in the presence of nematodes alone apparent diffusion coefficients were between 1.4 and 1.7 times higher than in sediments without nematodes, where only molecular diffusion occurred. Nematode densities were approximately 1000 individuals per 10 cm2, i.e. similar to densities normally found in marine sediments (Heip et al. 1985) . We therefore consider it likely that nematodes will substantially increase bioturbation under field conditions.
In the presence of Diplolaimella dievengatensis higher mineralization of organic carbon was observed. This result is in agreement with the findings of Findlay & Tenore (1982) , Rieper-krchner (1989) and our earlier findings (Alkemade et al. 1992) . The enhanced mineralization in the presence of nematodes may have several possible causes: e.g. grazing of the bacterial population by nematodes may stimulate bacterial activity and therewith the mineralization of detritus (Abrams & Mitchell 1980) . A second possiblity is that the production of mucoid substances by nematodes provides a rich additional food source to the bacteria, stimulating their activity (Riemann & Schrage 1978) . Finally nematodes may stimulate aerobic bacterial activity by the enhanced diffusion of 02, erther by the movement of pore water and particles or by a burrow system built by nematodes (Abrams & Mitchell 1980 , Nehring et al. 1990 ).
Herman calculated that the bacterivorous nematode Monhystera disjuncta had grazing rates of only a few percent per day and therefore was not able to remove senescent cells quickly enough to stimulate bacterial growth. They hypothesized that bioturbation is more important than grazing in stimulating bacterial activity. We cannot assess the exact importance of grazing in our experimental system nor can we exclude the possibility that the presence of mucus to some extent increases the bacterial activity. However, increased bacterial activity by grazing or by the production of mucus will result in higher O2 consumption, but not in higher diffusion of 0 2 . The higher O2 diffusion resulted from the bioturbation due to the nematodes. The most convincing argument that the enhanced mineralization of organic carbon in the presence of Diplomaimella dievengatensis probably is primarily the consequence of bioturbation is our finding that the increased diffusion on the one hand and the increased oxygen consumption and mineralization of organic carbon on the other hand were of similar magnitude. Grazing and the production of mucus may only have a small additional effect.
